Introduction 17 plastic materials, using finite element discretization and linear or non-linear programming methods, 1 provide a practical, efficient and accurate method for performing geotechnical stability calculations. 2 For example, Ukritchon et al. (1998) proposed a solution to the undrained stability of surface 3 footings on non-homogeneous and layered clay deposits under the combined effects of vertical, 4 horizontal and moment loading to a numerical accuracy of +/-5%. One of the principal advantages 5 of NLA is that cohesion and friction angle were only input parameters. Hence, NLA provides a 6 more convenient method of analyzing stability problems than conventional displacement-based 7 finite element methods which also require the specification of stiffness parameters and simulation 8 of the complete non-linear load-deformation response up to collapse (e.g., Ukritchon et al., 1998; 9 Kasama & Whittle, 2012; Huang et al., 2013) . 10 Figure 1 illustrates a typical finite element mesh used for two dimensional slope stability 11 program with the slope angle of 45 o . The model considers a soil layer with depth z/H = 1.0 and the 12 unit weight θ γ is similar to that of undrained shear strength θ c . Following Griffiths & Fenton (2004) obtained for a typical mesh for one example iteration with input parameters µ c =100kPa, COV c = 3 (σ c /µ c ) = 0.4 and Θ = 1.0. The lighter shaded regions indicate areas of higher shear strength. A 4 parametric study has been performed using the ranges listed in Table 1. The angle of slope is 30  o ,  5   45 o and 60 o . It is noted that input coefficient of variability of undrained shear strength, COV c , 6 ranges from 0.2 to 1.0 while input coefficient of variability of unit weight, COV γ , is fixed at 0.1 7 because the spatial variability of unit weight is generally less than that of shear strength (e.g. Phoon 8 & Kulhawy, 1999) . Normalized correlation length Θ ranges from 0.25 to 4.0 in addition to very 9 small correlation length which is corresponding that the strength of elements was randomly 10 determined (called "Random" for input parameter in this paper). Although horizontal correlation 11 length is generally larger than vertical one for naturally deposited soils, horizontal correlation 12 length assumed to be identical to vertical correlation length in this study. This assumption expected 13 to induce the instability of slope. For example, Al-Bittar & Soubra investigated the effect of 14 anisotropic correlation structure of shear strength on the bearing capacity problems suggesting that 15 the variability of the ultimate bearing capacity for a given vertical correlation length decreases 16 when the horizontal correlation length increases. For each set of parameters, a series of 1000 Monte 17
Carlo iterations have been performed. In this paper, the result of UB calculations is mainly used to 18 examine the failure dimension of collapsed slope in addition to evaluate the slope stability. 19
20

Numerical Result 21
Stochastic stability number 22
In order to evaluate the stochastic property of slope stability with the spatial variability of soil 23 property, the computed Cousins' stability number for slope can then be reported for each iteration, 
where F si is a conventional safety factor of slope for ith iteration. It is noted that the Cousins' 2 stability number is the reciprocal of Taylar's stability, which indicates that a safety factor for slope 3 is a linear function of Cousins' stability number, namely, large Cousins' stability number means 4 large safety factor of slope. That is the reason why Cousins' stability number for slope was used in 5 this study. In addition, the Cousins' stability number for a given inclined angle β of slope shows 6 constant value meaning that safety factor of slope F s , soil unit weight γ, slope height H and 7 undrained shear strength c are balanced. For example, increase in slope height H for a slope with 8 similar strength c, unit weight γ and the inclined angle β cause reduction of safety factor of slope F s 9 to maintain the constant value of Cousins' stability number. The Cousins' stability number N sDet for 10 homogeneous slope of 45 o with µ c and µ γ is 5.57, which is equivalent to 5.52 and 5.59 reported by 11 Taylor (1948) and Terzaghi & Peck (1967) respectively. Hence, the mean, µ Ns , and standard 12 deviation, σ Ns , of the stability number are recorded through each set of Monte Carlo iterations, as 13 follows: 14 to determine an appropriate number of Monte Carlo iteration combining reasonable accuracy of the 20 results in terms manageable computational efforts for a large parametric study. 21 Figure 3 shows a 20-bin histogram of the stability number from one complete series ofis concluded that normal or log-normal distribution functions can be used to characterize the 1 stability number at a 5% significance level. 2 3 Mean and standard deviation of stability number 4
In order to evaluate the effect of the slope dimension on the stability for slope with the spatial 5 variability of soil property, Figure 4 shows the relationships between mean stability number µ Ns for 6 Θ = 1.0 and slope angle. Noted that the result of mean stability number for the slope with uniform 7 strength (COV c = 0 and COV γ = 0.1) is also shown in Figure 4 . The stability number for a given 8 COV c decreases linearly with increasing slope angle while the decrease rate of stability number 9 against slope angle is similar irrespective of COV c . 10
In order to examine the variability of stability number, Figure 5 shows the relationships 11 between COV Ns = (σ Ns /µ Ns ) and COV c for a given Θ. Reduction of stability number due to spatial variability 9
Figures 8 summarize the reduction ratio of mean stability number obtained by equation (9) to 10 deterministic solution for homogeneous slope with µ c and µ γ , R Ns = µ Ns /N sDet (where N sDet = 5.57) 11 for combinations of the input parameters (COV c , Θ). In general, R Ns < 1 and hence spatial 12 variability causes a reduction in the expected slope stability. The trends show that the largest 13 reductions in µ Ns occur when the coefficient of variation is high and/or the correlation length is 14
small. 15 Figure 9 shows the reduction ratio of accumulative mean stability number and 99% lower 16 confidence bound of stability number against normalized correlation length Θ. It is noted that the 17 99% lower confidence bound of stability number, R Ns99% = N sl99% /N sDet , was calculated where N sl99% 18 is estimated by assuming a log-normal distribution with µ Ns and σ Ns . Accumulated mean stability 19 number gradually increases with increasing Θ while the increase rate slightly increase as COV c 20 increases. The 99% lower confidence bound of stability number shows a minimum value at Θ = 1.0. 21 Moreover, the difference of the 99% lower confidence bound of stability number for a given COV c 22 is less than 10 % for 0 < Θ < 4.0 suggesting that correlation length is less important among input 23 parameters representing the spatial variability of slope. 11. On the other hand, due to the random field, close inspection shows that the computed failure 9 mechanisms find paths of least resistance, passing through weaker soil elements in the slope. It can 10 be seen that there is a well defined toe failure passing through the weak soil zone near the slope toe 11
and there is a concentration of dissipated energy at the toe of slope. It is suggested that the location 12 of weak soil elements in the slope affects failure mechanism of slope. 13
In order to evaluate a dimension of slope failure statistically, Figures 12 shows a indicates the maximum frequency at 2.0 H and 5.0 H respectively and the frequency decreases as 20 the width decreases. However, the frequency of the depth less than 2.0 H and width less than 5.0 H 21 increases when COV c increases. Therefore, the dimension of collapsed slope for COV c = 0.6 and 1.0 22 indicates more complex distribution, particularly the frequency of the width and depth becomes 23 uniform distribution as the inclined angle of slope becomes large. In addition, it is interesting point 24 that the width of slope failure for β = 30 o includes larger width then 3.6 H, which is the width ofslope failure for uniform strength, unit weight and the inclined angle of 60 o . For the depth of slope 1 failure, the frequency of 2.0 H is large irrespective of COV c and β, meaning that the slope failure 2 shows a deep failure mechanism tangent to the base (base failure). In addition, the frequency of 1.0 3 H increases with increasing β and COV c especially for β = 60 o . The depth of 1.0 H for slope failure 4 means that slope failure shows a toe failure mechanism passing the toe of slope. It can be expected 5 that failure mechanism for steep slope shifts from a base failure to toe failure with the increasing 6 spatial variability. Finally, it is suggested that the depth and width of slope failure decrease with 7 increasing spatial variability of soil unit weight and shear strength, namely a slope with a large 8 spatial variability causes a local failure resulting from the pre-failure of weak soil elements. 9 Figure 13 shows the relationships between the depth and width for collapsed slope with β = 10 extends with increasing COV c , which is suggesting that the dimension of collapsed slope becomes 15 small and local as the spatial variability of soil property increases while the variability of the 16 dimension increases as the spatial variability of soil property increases. In addition, the area of 17 square range extends with increasing β, which is suggesting that there is a wide variation in the 18 dimension of collapsed slope as the angle of slope increases. 19
In order to examine effects of spatial variability on the failure mechanism for slope, Figure  20 14 shows the relationships between mean width of failure zone and mean depth of failure surface 21 for a given β obtained from a series of Monte Carlo iteration. It is noted that the width and depth of 22 failure zone in horizontal and vertical axis respectively are normalized by those for homogeneous 23 slope. For the inclined angle of slope of 30 o , there is a linear relationships between depth and width 24
irrespective of values of Θ and the dimension of slope failure decreases with increasing COV csuggesting that small slope failure is generated due to the spatial variability of mechanical property. 1
For the inclined angle of slope of 45 o , it can be seen that the mean width and depth of failure zone 2 for slope with spatial variability decreases with increasing COV c and Θ. It can be suggested that the 3 spatial variability of soil property greatly affects to failure mechanism of slope. Moreover, the 4 location of weak soil elements in slope is important to local failure of slope and the scale of slope 5 failure decreases with increasing the magnitude of spatial variability of soil property. For the 6 inclined angle of slope of 60 o , the depth for spatially variable slope decreases sharply up to less than 7 80% of that for uniform slope. It can be emphasized that small and local failure mechanism induces 8 for spatially variable slope as the inclined angle of slope increases. 9
In order to evaluate stability number for spatially variable slope in terms of the failure 10 mechanism, the relationships between stability number and the width of slope failure is shown in 11 which is suggesting that the stability for spatially variable slope is closely related to the failure 16 mechanism and slope with a large spatial variability tends to induce a local and diverse failure. 17
18
Failure Probability and Safety Factor 19
In order to link obtained probabilistic results to conventional evaluation for slope stability using 20 safety factor, the relationship between the probability of slope failure and mean safety factor of 21 slope for a given COV c and the inclined angle of slope β are shown in Figure 16 together with 22 results of conventional FOSM by Matsuo (1984) . The probability of slope failure became over 0.5 23 even for the mean safety factor of 1.0 because the mean stability number for slope with spatial 24 variability is less than that for homogeneous slope as shown in figure 4 . The probability of slopefailure for given COV c and Θ decreases drastically as F s increases compared to results of 1 conventional FOSM. Moreover, the probability of slope failure for a given F s increases with 2 decreasing Θ and increasing β, which is suggesting that the potential of local slope failure increases 3 with decreasing Θ and increasing β. In addition, the probability difference among different becomes 4 small as the inclined angle of slope increases. It can be characterized that the numerical limit 5 analyses incorporated with the random field theory is useful for representing local slope failure 6 induced by the spatial variability of soil property. 7 8
Conclusions 9
This paper has presented initial results from a probabilistic study on the slope stability problem 10 using random field numerical limit analyses and Monte Carlo iteration. The main conclusions are as 11
follows : 12 1) The stability number of slope considering the spatial variability of shear strength and unit soil 13 weight can be characterized by both normal and log-normal distribution functions with 5% 14 significance level. 15
2) The stability number decreases linearly with increasing the coefficient of variation in the shear 16 strength while the 99% lower confidence bound of stability number shows a minimum value at Θ = 17 1.0. 18
3) The failure zone of slope can be localized by generating failure surface through weak soil 19 elements. The stability for spatially variable slope is closely related to the failure mechanism and 20 slope with a large spatial variability tends to induce a local and diverse failure. It can be emphasized 21 that small and local failure mechanism induces for spatially variable slope as the inclined angle of 22 slope increases because failure mechanism for steep slope shifts from a base failure to toe failure 23 with the increasing spatial variability.
4) The probability of slope failure for given COV c and Θ decreases drastically as F s increases 1 compared to results of conventional FOSM. The probability of slope failure for a given F s increases 2 with decreasing Θ, and increasing the inclined angle of slope β which is suggesting that the 3 potential of local slope failure increases with decreasing Θ and increasing the inclined angle of 4 slope β. 
